† Epiaortic ultrasound scanning (EAS) was associated with a lower incidence of stroke after partial clamping was performed.
Background. Numerous studies have demonstrated the accuracy of epiaortic ultrasound scanning (EAS) for assessing ascending aortic disease. It remains unclear whether EAS changes the incidence of perioperative stroke after off-pump coronary artery bypass (OPCAB).
Methods. We studied a retrospective cohort of 2292 patients who underwent isolated OPCAB from January 2001 to December 2011. Patients were retrospectively subdivided into two groups: the non-EAS group (n¼1019) who underwent OPCAB under only intraoperative transoesophageal echocardiography and the EAS group (n¼1273) who underwent OPCAB under EAS.
Results. In the non-EAS group, 317 (31.1%) patients underwent OPCAB with partial aortic clamping and 702 (68.9%) underwent OPCAB without partial aorta clamping. In the EAS group, 301 (23.7%) patients underwent OPCAB with partial aortic clamping and 972 (76.3%) underwent OPCAB without partial aortic clamping. The incidence of early stroke was not different statistically between the EAS and non-EAS groups [non-EAS 1.7% (17/ 1019) vs EAS 0.8% (10/1273); P¼0.052]. However, in the subgroups of patients with partial aorta clamping, the incidence of the early stroke was significantly lower in the EAS group [2.8% (9/317) vs 0.7% (2/301) P¼0.041].
Conclusions. EAS has a significant clinical benefit in reducing the incidence of early stroke in cases of partial aortic clamping in OPCAB. Therefore, EAS should be considered in patients who need partial aortic clamping in OPCAB.
Keywords: coronary artery bypass; early stroke; echocardiography; epiaortic scanning; monitoring; stroke Accepted for publication : 6 February 2013 Despite overall improvement in outcomes after coronary artery bypass surgery, neurologic complications remain a substantial cause of morbidity and mortality. 1 2 Emboli resulting from dislodgement of atherosclerotic plaques during surgical aortic manipulation is recognized as a major cause of stroke. 3 4 Previous research has shown that off-pump coronary artery bypass (OPCAB) reduces the risk of atheroemboli associated with aortic cannulation and cross clamping. 5 6 However, the manipulation of the aorta that occurs with partial aortic clamping is associated with the risk of stroke, even in OPCAB. 6 Transoesophageal echocardiography (TOE) is commonly used to assess the severity of atheromatous disease of the aorta. However, the efficacy of TOE is limited in the assessment of the distal section of the ascending aorta because of interposition of the trachea. 7 Recently, epiaortic ultrasound scanning (EAS) has been recommended as an intraoperative tool to accurately assess ascending aorta disease. To date, several studies have reported that EAS is superior to TOE and surgical palpation for the detection atherosclerosis in the ascending aorta. 8 -10 However, these studies have not clearly demonstrated whether the use of EAS changes outcomes with respect to perioperative stroke. Furthermore, the efficacy of EAS in OPCAB is not well documented. We hypothesized that intraoperative use of EAS would reduce the incidence of early stroke in patients undergoing OPCAB. The purpose of this study was to clarify the efficacy of intraoperative EAS in reducing the incidence of early stroke after OPCAB.
Methods
Seoul, Korea. Between 2001 and 2006, intraoperative TOE was the sole method used to identify atherosclerosis in the ascending aorta during OPCAB. As of 2007, EAS has been used in patients who needed partial aortic clamping. Patients were retrospectively subdivided into two groups: the non-EAS group who underwent OPCAB with only TOE (n¼1019) and the EAS group who underwent OPCAB with TOE and EAS (n¼1273). In the non-EAS group, 317 (31.1%) patients underwent OPCAB with aortic manipulation and 702 (68.9%) patients underwent OPCAB without aortic manipulation. In the EAS group, 301 (23.7%) patients underwent OPCAB with aortic manipulation and 972 (76.3%) patients underwent OPCAB without aortic manipulation (Fig. 1) . Exclusion criteria included combined carotid procedures (n¼6), preoperative cerebral haemorrhage (n¼2), and intraoperative unstable vital signs such as ventricular fibrillation or cardiac arrest (n¼5).
Evaluation of the ascending aorta
After induction of general anaesthesia, TOE was routinely performed during all OPCAB procedures to evaluate the ascending aorta, aortic arch and descending aorta for diagnosis of atherosclerosis. An anaesthesiologist experienced in performing cardiac anaesthesia performed TOE with a 5 MHz biplane TOE transducer and Acuson Sequoia Ultrasound System (Siemens Medical Solutions USA, Mountain View, CA, USA). The echocardiographic findings were communicated to the operating surgeon. Simultaneously, after a median sternotomy, the surgeon carefully examined the ascending aorta by distal palpation for identification of calcified areas. The surgeon decided whether to use partial clamping in the ascending aorta on the basis of the findings of TOE and palpation. We have performed EAS to more accurately assess the health of the ascending aorta since 2007. We have routinely conducted EAS for patients in which atherosclerosis of the ascending aorta was identified through TOE and for which aortic manipulation was needed. The surgeon and the anaesthesiologist interpreted the EAS findings and determined whether to perform a partial aortic clamping.
Epiaortic technique
The surgeon performed EAS after opening the pericardium and before harvesting the left internal thoracic artery. EAS was performed with an Acuson 15L8 probe connected to an Acuson Sequoia Ultrasound System. The probe was a linear array transducer designed for intraoperative epiaortic imaging with frequencies of 7-14 MHz and was placed inside a sterile plastic sleeve with ultrasound transmission gel. The mediastinal cavity was filled with warm sterile saline to enhance acoustic transmission. The ascending aorta was scanned in proximal, mid, and distal segments from the aortic annulus to the base of the brachiocephalic artery. The severity of atheromatous disease was evaluated by checking intima-media thickening, localized or extended level, calcification, and motile plaque. Both the surgeon and anaesthesiologist interpreted the images. Among the various grading criteria for defining the severity of aortic atherosclerosis, we used the classification criteria established by Katz and colleagues. 11 Any atherosclerosis identified was assigned one of five grades: Grade I, no disease or minimal thickening; Grade II, extensive intimal thickening; Grade III, sessile atheroma; Grade IV, protruding atheroma; and Grade V, mobile atheroma in the lumen. For cases in which the severity of ascending aorta atherosclerosis was less than Grade III, we thought that partial aorta clamping was safe. In cases of Grade IV atherosclerosis, we considered the location and characteristics of the atherosclerotic lesion to determine whether to perform partial aorta clamp. Partial clamping was performed if atherosclerotic lesions were located on the posterior wall of the ascending aorta or if lesions were located far enough from the site of aortic clamping. Intraoperatively, the surgeon avoided aortic clamping where lesions were located or performed partial clamping of non-diseased segments of the ascending aorta when information gathered from EAS indicated atheromatous aortic areas. Grade V atherosclerosis was considered an absolute contraindication for aortic manipulation.
Surgical technique
The surgical procedure was performed under general anaesthesia with continuous Swan-Ganz catheter monitoring, TOE, and arterial pressure monitoring. The off-pump technique included a full sternotomy incision. The left internal thoracic artery conduit was used in all patients; if necessary, the right internal thoracic artery, radial artery, or saphenous vein was used. The internal thoracic artery was harvested using a semi-skeletonized method with very low voltage unipolar electrocautery. The radial artery was harvested from the non-dominant forearm in a pedicle method using a Harmonic scalpel (Ethicon Endosurgery, Cincinnati, OH, USA). Heparin-mixed papaverine was used to avoid vasospasm of the internal thoracic artery, and a calcium channel blocker (Diltiazem) was used to prevent spasm of the radial artery during surgery. Heparin (100 U kg 21 ) was used to achieve a target activated clotting time of at least 300 s during the operation. For cardiac stabilization and displacement, we used OPCAB n=2292
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Fig 1 Cohort of current study.
an Octopus tissue stabilizer and Starfish heart positioner (Medtronic, Minneapolis, MN, USA) during construction of the anastomosis. Intracoronary shunt was mainly used for the left anterior descending anastomosis, and proximal snaring technique with a silicone elastomer was used for anastomosis of the other left coronary artery system. For the right coronary anastomosis, an intracoronary shunt was usually used for the main right coronary artery, and proximal snaring technique was used for the posterior descending or posterolateral artery. To remove blood from arteriotomy sites, a mixed carbon dioxide blower and irrigation with warm saline were used. When aortic manipulation was needed, side-bite clamping or a 'heartstring' device was used.
Endpoint and definition
The primary point of this study was an incidence of early postoperative stroke. Neurologic findings were defined and analysed according to the Society of Thoracic Surgeon National Cardiac Database guideline and definition (www.sts .org). Early stroke was defined as a temporary or permanent new focal neurologic deficit or disturbance of consciousness during the same hospitalization and categorized as either permanent or reversible. Permanent stroke was defined as a postoperative stroke that did not resolve within 24 h. Transient ischaemic attack (TIA) was defined as loss of neurologic function that was abrupt in onset with complete return of function within 24 h. Reversible ischaemic neurologic deficit (RIND) was defined as loss of neurologic function with symptoms lasting at least 24 h after onset, but with complete return within 72 h. A consulting neurologist verified all neurologic events, which were confirmed by computed tomography or magnetic resonance imaging.
Data collection
Preoperative and perioperative data were collected prospectively from the cardiac research databases at our institution. More detailed data on neurologic findings were obtained by hospital chart review. Our study was conducted with the approval of the Institutional Review Board of Yonsei University College of Medicine (Yonsei Institutional Review Board No. 4-2010-0686).
Statistical analyses
All statistical analyses were performed with SPSS for Windows, Release 18.0 (SPSS, Inc., Chicago, IL, USA). All data are expressed as mean (SD) or median (range), or the number of patients (%). Continuous variables were compared with Student's t-test, and categorical variables were compared with x 2 or Fisher's exact test. Goodness of fit was assessed by the Hosmer and Lemeshow x 2 -test. For all statistical tests, significance was defined as a two-tailed P,0.05.
Results

Patient characteristics
Of 2292 patients who underwent isolated OPCAB, 1019 underwent OPCAB under only TOE, whereas 1273 underwent OPCAB under TOE and EAS. The baseline characteristics of the groups were comparable (Table 1) . Patient characteristics between the two groups were similar, except patients in the EAS group were significantly older and had a higher incidence of prior percutaneous transluminal coronary angioplasty, chronic renal disease and carotid disease.
Operative data
The operative data are given in Table 2 . The rate of aorta partial clamp was lower in the EAS group (31.1 vs 23.7%, P,0.001). The rates of total arterial grafting and composite Y graft were higher in the EAS group (64.5 vs 73.1%, P,0.001 and 79.8 vs 86.5%, P¼0.001, respectively). The mean number of distal anastomosis, the rate of complete revascularization and the rate of sequential grafting were not different between the two groups. The mean use of 
Severity grading of aortic atheroma
The aortic atheroma was graded normal or mild (Katz grade I-II) in 36%, moderate (Katz grade III) in 40%, and severe (Katz grade IV-V) in 24%. The severity of aortic atheroslcerosis was not different between the EAS group and non-EAS group. The grading and distribution according to ascending aorta disease are summarized in Table 3 .
Incidence of early stroke
Early stroke occurred in 1.7% (17/1019) of patients in the non-EAS group and 0.8% (10/1273) of patients in the EAS group. The incidence of early stroke was less in the EAS group, but this did not reach statistical significance (P¼0.052).
Stroke severity
The types and distribution of neurologic deficits are listed in Table 3 . No patient in either group experienced coma. The incidences of permanent stroke, RIND, and TIA were lower in the EAS group, but the differences did not reach statistical significance (Table 4) .
Incidence of early stroke according to subgroup with partial aortic clamping
In the non-EAS group, 317 (31.1%) patients underwent partial aortic clamping and 702 (68.9%) patients did not. Early stroke occurred in 9 (2.8%) patients with partial aortic clamping and 8 (1.1%) patients without partial aortic clamping. In the EAS group, 301 (23.7%) patients underwent partial aortic clamping and 972 (76.3%) did not. Early stroke occurred in 2 (0.7%) patients with partial aortic clamping and 8 (0.8%) patients without partial aortic clamping. Among patients who did not undergo partial aortic clamping, early stroke incidence was similar between the non-EAS and EAS groups (1.1 vs 0.8%, P¼0.561). However, among patients who did undergo partial aortic clamping, early stroke incidence was significantly lower in the non-EAS group than in the EAS group (2.8 vs 0.7%, P¼0.041; Fig. 2 ). In the patients with partial aortic clamping, baseline characteristics, and severity of aortic atheromatous disease were similar between the two groups (Supplementary Table 1 Table 5 ).
Early clinical outcome
Postoperative morbidity and mortality were similar between the non-EAS group and EAS group. Hospital mortality, stroke including TIA, low cardiac output syndrome, pulmonary complication, perioperative myocardiac infarction, and renal failure were not significantly different between the two groups (Table 6 ).
Discussion
We sought to evaluate the efficacy of EAS for preventing early stroke in patients undergoing isolated OPCAB. We found no significant difference between the incidences of early stroke in the non-EAS and EAS groups. However, EAS was associated with a significantly lower incidence of early stroke in cases of partial aortic clamping in OPCAB.
Incidence of early stroke and mechanism in CABG
Although there has been an overall decrease in intraoperative morbidity and mortality associated with CABG, cerebral dysfunction associated with surgery remains a significant problem. The reported incidence of perioperative stroke after CABG ranges from 1.4 to 3.8%. 12 -14 Atherosclerosis of the aorta is a frequent underlying mechanism of early stroke and a prominent source of cerebral embolic material. 15 16 Many studies have reported a relationship between atherosclerotic lesions in the ascending aorta and the occurrence of cerebral atheroembolic events. They have demonstrated that the rate of cerebral embolization during cardiac surgery is related to the degree of atheromatous burden of the ascending aorta and aortic arch. 8 9 17 Therefore, it seems that atherosclerosis of the ascending aorta is a major independent risk factor of intraoperative cerebral injury.
Digital palpation, TOE, and EAS to identify atherosclerosis of the ascending aorta
Surgical palpation and TOE have been used intraoperatively as primary diagnostic tools to identify atherosclerosis of the ascending aorta. However, surgical palpation can grossly underestimate both the frequency and extent of atherosclerosis. TOE was introduced in the mid-1980s as a more that the interposition of the trachea and bronchus may prevent clear visualization of the ascending aorta by TOE, making it unsatisfactory for comprehensive atheroma evaluation. 7 These investigators also reported that the sensitivity of TOE for atheroma detection in the ascending aorta is 31% less than that of EAS.
Superiority of EAS in identifying atherosclerotic lesions in the ascending aorta
Recently, EAS has been recommended as an effective intraoperative tool for the accurate assessment of ascending aortic pathology in patients with a cardiac surgical condition. 18 -20 Many investigators demonstrated the superiority of EAS over both TOE and surgical palpation. In a study by Marshall and colleagues 18 , 58% of CABG patients were diagnosed with atherosclerosis in the ascending aorta when assessed by EAS, whereas surgical inspection and palpation identified atheromatous disease in only 24% of those patients. Syliviris and colleagues 19 compared EAS with both TOE and surgical palpation in 100 patients undergoing cardiac surgery and found that EAS was superior to both TOE and surgical palpation for the detection of atherosclerosis in the mid and distal segment of the ascending aorta. Khalid and colleagues also evaluated the prevalence and severity of atheroma detected with EAS and TOE in patients who had undergone CABG. 20 They observed that EAS enabled detection of many more areas in the aorta wall than TOE (92.3 vs 55.3%). Additionally, they demonstrated that EAS allowed a more detailed grading of atherosclerosis lesions over the entire length of the ascending aorta than TOE. These investigators suggested that EAS is superior to TOE, especially with respect to the distal ascending aorta. Collectively, these observations indicate that EAS is the best technique for intraoperative atheroma detection.
The effect of EAS in reducing prevalence of early stroke
An important question that remained after these studies was whether modifying the management of the ascending aorta (9) ,0.01 Table 4 The types and distribution of neurologic deficits. EAS, epiaortic ultrasound scanning; RIND, reversible ischaemic neurologic deficit; TIA, transient ischaemic attack using EAS effectively reduces the incidence of postoperative stroke. As a matter of fact, many previous studies demonstrated the superiority of EAS for evaluating aortic atherosclerotic lesions, but they failed to clearly demonstrate the clinical benefit of EAS in reducing early stroke. A few studies have reported that EAS has the clinical benefit of reducing incidence of early stroke. In a small study, Royse and colleagues 21 used EAS and total arterial revascularization with Y-grafting for high-risk patients and observed a decrease in abnormal neurobehavioural testing from 38 to 4%. Additionally, Hanger and colleagues 22 demonstrated that patients with severe atherosclerosis whose therapy was modified on the basis of EAS had a lower rate of stroke (2.9%) than a historical control group (4.4%). These studies suggested a clinical benefit of EAS, but their relatively small size prevents statistical significance in their results. Further, these studies demonstrated that the incidence of stroke was associated with severity of ascending aorta disease, but could not clearly show that modification by EAS led to significant reduction in early stroke rate. While many previous studies demonstrated the superiority of EAS for evaluating aortic atherosclerotic lesions, they could not clearly demonstrate the clinical benefit of EAS in reducing early stroke, possibly because of two factors. First, because the incidence of early stroke is low, especially in OPCAB, it may be difficult to demonstrate statistical significance with small cohorts. A recent prospective randomized study by Djaiani and colleagues 23 found that assessment of the ascending aorta with EAS led to modification in surgical management in 29% of patients compared with only 12% in the control group. However, they also demonstrated that these modifications did not translate into significantly different incidences in perioperative stroke (3.6 vs 1.7%, P¼0.51) and noted that the required sample size to demonstrate the superiority of EAS was 660 patients. Secondly, most studies investigated the efficacy of surgical modifications from ONCABG to OPCAB with no-touch aorta procedures according to EAS. Thus, it was unclear from these studies if the decline in early stroke incidence was attributable to EAS or OPCAB.
To overcome these limitations, we included a large cohort of only patients who underwent isolated OPCAB. Moreover, to more closely study the effect of EAS, we separately analysed the outcomes of patients who underwent partial aortic clamping and those who did not. Although our results show that a slightly lower incidence of early stroke existed in the EAS group than in the non-EAS group, this difference was not statistically significant. However, we found that EAS had a significant benefit of reducing the incidence of early stroke in cases of partial aortic clamping in OPCAB.
Partial aortic clamping does not increase stroke incidence with EAS
It has been reported that partial aortic clamping in OPCAB increases the risk of postoperative stroke. Embolic dislodging of atherosclerotic plaques during partial aortic clamping has been recognized as a major cause of stroke. Some investigators reported that partial aortic clamping in OPCAB carries a greater risk than cross aortic clamping in ONCABG. The risk of complications related to partial clamping during OPCAB may be higher because of the pulsatile pattern of arterial pressure and its wide segments. 24 Additionally, some groups reported that the risk of aortic dissection may be increased with OPCAB; the incidence of aortic dissection is 0.97% in OPCAB and 0.04% in ONCABG. 25 Our study also showed that patients who underwent partial aortic clamping had higher incidence of early stroke in the non-EAS group (1.1 vs 2.8%). However, in the EAS group, the incidence of early stroke in the partial aortic clamping subgroup was as low as in the non-clamping subgroup (0.8 vs 0.7%). These findings demonstrate that EAS has a significant benefit by reducing the incidence of early stroke in cases of partial aortic clamping in OPCAB. As the number of vessels and age of patients undergoing OPCAB has increased, free aortocoronary bypass grafting is indispensable for complete revascularization. At these points, our results demonstrate that EAS can reduce the risk of stroke in patients who need partial aortic clamping in OPCAB, which is of great clinical value. Additionally, even though the EAS group, compared with the non-EAS group, had a higher incidence of old age, chronic renal failure, and carotid disease which are known as predictors of early stroke, our current study revealed that they had lower incidence of early stroke. This proves that our results are not entirely dependent on chronological factors, but rather attributable to the effect of EAS. 
Limitations
Our study has several limitations, including that it is observational in nature and a retrospective review. Patients in the two groups underwent OPCAB during different periods, and selection bias or unidentified confounding factors associated with this difference, such as surgical skill or postoperative care, could influence our results. The surgeon's preference for the use of partial clamping and EAS could lead to an operator bias. However, two surgeons who were involved in the current study had the same policy for the strategy of grafting and use of partial clamp and EAS, thereby minimizing an operator bias. Another possible limitation is that hypoperfusion events can influence neurological outcomes. Although we excluded five patients with intraoperative unstable vital signs such as ventricular fibrillation or cardiac arrest, we may not have considered all factors associated with hypoperfusion events during the operative and postoperative periods.
In comparison with early stroke between total groups (Fig. 2) , although there is no statistically significant difference between the two groups, it is nearly significant (P¼0.052). This could reflect type II error from an inadequate sample size. Finally, this study included patients treated at a single centre, and thus, the generalization of these data may be limited.
Conclusion
The use of EAS during OPCAB surgery was associated with reduced incidence of early postoperative stroke in a subgroup of patients with partial aortic clamping.
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